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Abstract: Behavioural instability is a newly coined term used for measuring asymmetry of bilateral
behavioural traits as indicators of genetic or environmental stress. However, this concept might
also be useful for other types of data than bilateral traits. In this study, behavioural instability
indices of expected behaviour were evaluated as an indicator for environmental stress through the
application of aerial photos of foraging flocks of geese. It was presumed that geese would increase
anti-predator behaviour through the dilution effect when foraging near the following landscape
elements: wind turbines, hedgerows, and roads. On this presumption, it was hypothesized that
behavioural instability of spatial distribution in flocks of geese could be used as indicators of
environmental stress. Asymmetry in spatial distribution was measured for difference in flock density
across various distances to disturbing landscape elements through the following indices; behavioural
instability of symmetry and behavioural instability of variance. The behavioural instability indices
showed clear tendencies for changes in flock density and variance of flock density for geese foraging
near wind turbines, hedgerows, and roads indicating increasing environmental stress levels. Thus,
behavioural instability has proven to be a useful tool for monitoring environmental stress that does
not need bilateral traits to estimate instability but can be applied for indices of expected behaviour.
Keywords: environmental stress; behavioural instability; biomonitoring tool; unmanned aerial
vehicles (UAVs); disturbance
1. Introduction
1.1. Behavioural Instability
A study by Pertoldi et al. [1] coined the term behavioural instability as an indicator of genetic
or environmental stress based on asymmetry in a bilateral behavioural trait, e.g., clockwise and
counter-clockwise directional movement. The authors applied the conventional indices used for
the estimation of developmental instability in directional movements. However, the concept of
behavioural instability can be considered in a broader sense [1], and the concept might prove to be a
viable biomonitoring tool in other fields of research, e.g., studies on environmental impact on wildlife.
Furthermore, behavioural instability might be useful for other types of data with an expectation of
symmetry other than bilateral traits.
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1.2. Environmental Stressors of Geese
An important factor influencing the habitat use of water birds is the potential disturbance by
landscape elements such as wind turbines [2], hedgerows, and roads [3,4]. Disturbance might be
caused by anthropogenic activity or these landscape elements offering hiding spots for predators [5–7],
which essentially can result in displacement and habitat loss. Presuming geese foraging near disturbing
landscape elements experience increased stress levels as a result of the potential increased predation
risk, anti-predator behaviour through the dilution effect would increase [8]. The dilution effect is
defined as increasing group size or density as a strategy for reducing individual risk of being targeted
by a predator at the cost of reduced foraging efficiency, e.g., due to increased competition [8].
1.3. Behavioural Instability of Symmetry
Based on the presumption of geese increasingly relying on the dilution effect when foraging near
disturbing landscape elements, it would be possible to analyse stress as a function of flock densities at
various distances to these landscape elements. Thus, it would be possible to show an asymmetrical
distribution by plotting the density of the birds versus the distance to an obstacle in a linear regression
as illustrated in Figure 1b. If the obstacle is inducing anti-predator behaviour, the slope (a) of the linear
regression will become negative (a < 0) indicating a decreasing flock density with distance. Deviations
from a symmetrical distribution (a , 0) will be considered as an estimator of behavioural instability
and will be referred to as behavioural instability of symmetry (BSYM).
1.4. Behavioural Instability of Variance
Pertoldi et al. [1] also noted that different genotypes have different perceptions of stressors, and
that in a suboptimal environment the perception of stress will become more differentiated among
genotypes [1]. If this finding is valid for the way in which the birds behave in the presence of stress,
then heterogeneity can be expected where the average distance of the residuals from the regression
line is not constant at different distances from the landscape element as illustrated in Figure 1c. This
variation can be considered as another estimator of behavioural instability, with a higher variance of
the residuals being interpreted as a smaller capacity to predict the behaviour of the individuals in the
presence of stressors. This estimator is later referred to as deviation from a behavioural instability of
variance (BVAR).
1.5. Aims of the Investigation
Based on the mentioned theories, we hypothesized that behavioural instability indices of expected
behaviour can be used as a tool for measuring environmental stresses in wildlife. This will be evaluated
through the analysis of the behavioural instability of the spatial distribution of flocks of geese relying
on two different measures: behavioural instability of symmetry (BSYM) (Figure 1b) and behavioural
instability of variance (BVAR) (Figure 1c). These indices were tested using aerial photos of flocks of
geese foraging (Figure 1b) near the following landscape elements; wind turbines, hedgerows, and
roads, which are all known to cause the disturbance of geese.
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Figure 1. Overview of behavioural instability indices used to monitor one flock of pink-footed geese 
foraging near a road: (a) Aerial photos of a flock of individual geese are georeferenced in geographic 
information systems (GIS) and geographic positions of individual geese are geotagged (illustrated as 
circles). Flock density is quantified by Kernel density estimates using the geographic positions of 
identified birds. Kernel density estimates are illustrated as white (low density) to dark red (high 
density); (b) Density estimates of individuals as a function of distance to the nearest landscape 
element, in this case, roads. The mean distance is illustrated as a red vertical line. A linear regression 
of density (LRD): Density Estimate = a × Distance + b (illustrated as a grey line) is fitted to measure 
behavioural instability through asymmetry of density between distances left and right of the mean 
distance. Symmetrical density would result in a non-significant slope (a = 0). Contrarily, an anti-
predator behaviour induced by the road would yield a negative slope (a < 0). Residual distances 
between observed densities and LRD is illustrated as blue lines; (c) Residual distances of density 
(Figure 1b) as a function of distance to the nearest landscape elements, in this case roads. A linear 
regression of residuals (LRR): Residual = a × Distance + b (illustrated as a grey line) is fitted to measure 
behavioural instability through asymmetry of variance in density between distances left and right of 
the mean distance. A constant variance in density across distance would result in a non-significant 
slope (a = 0). Contrarily, increased variance would yield a negative slope (a < 0). 
  
 
(a) 
 
(b)   (c) 
Figure 1. Overview of behavioural instability indices used to onitor one flock of pink-footed geese
foraging near a road: (a) Aerial photos of a flock of individual geese are georeferenced in geographic
infor ation systems (GIS) and geographic positions of individual geese ar geotagged (illustrated
as circles). Flock density is quantified by Kernel density estimates using the geographic positions of
identifie i . ernel density estimates are illustrated as white (low density) to dark re (high ensity);
(b) Density estimates of individuals as a function of distance to the ne rest landscape element, in this
case, roads. The m an distance is illustrated as a red ve tical line. A lin ar regression of density (LRD):
Density Estimate = a ×Distance + b (illustrated as a grey line) is fitted to measure behavioural inst bility
through asymmetry of density between distances left and right of the mean distance. Symmetrical
density would r sult in a on-significant lope (a = 0). Contrarily, an anti-predator behav our i duced
by the road would yield a negative sl pe (a < 0). Resi ual distance between observe dens ties and
LRD is illustrated as blue lines; (c) Residua dist nces of density (Figure 1b) as function of dista ce to
the nearest l ndscape elements, in this case roads. A linear regression of residual (LRR): Residua = a ×
Distance + b (illustrated as a gr y line) is fitted o m asure behavioural instability through asymmetry
of variance dens between distanc s left and right of the mean dista ce. A constant variance in
d nsity across distance would result in a non-signifi ant slope (a = 0). Contrarily, increased variance
would yield a neg tive slop (a < 0).
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2. Materials and Methods
Aerial photos of foraging geese were used to evaluate changes in anti-predator behaviour by
examining the spatial distribution of flocks of different distances to wind turbines, hedgerows, and
roads. This was done to evaluate the two indices: behavioural instability of symmetry (BSYM), and
behavioural instability of variance (BVAR), as indicators of environmental stressors. The studied species
were barnacle goose (Branta leucopsis) (19 flocks, with a total of 18,925 individuals), pink-footed goose
(Anser brachyrhynchus) (23 flocks, with a total of 26,313 individuals), and greylag goose (Anser anser)
(5 flocks, with a total of 353 individuals).
Spatial distribution was measured based on distances of individuals to said landscape elements,
as well as from flock density estimates extracted from geographic information systems (GIS) (Figure 1a).
Thus, differences in spatial distribution will be tested between flocks of geese are observed at different
distances from the different landscape elements, through the analysis of behavioural instability of
symmetry (BSYM) (Figure 1b) and behavioural instability of variance (BVAR) (Figure 1c).
2.1. Data Collection
In the period March 2017 to February 2018 aerial photos of foraging flocks of geese were collected
in Northern Jutland, Denmark, mainly around Klim and Nørrekær Enge wind farm, using a UAV of
the model DJI Phantom 4 Pro Quadcopter. Data were collected during daytime on 26 different days,
chosen based on the season (winter migration of geese) and weather forecast (no rain and low wind
speed). All UAV overflights were performed at an altitude of 100 m either flown manually using the
DJI GO 4 Drone application (Version 4.0.6), with the video camera capturing aerial photos vertical
downwards in 4K resolution or flown automatically using DroneDeploy (Version 2.69). Additionally,
data collection using the UAV were conducted following the recommended flight altitude (100 m) and
take-off distance from the studied flocks (~500 m) suggested by Bech-Hansen et al. [9] as a means to
prevent initial disturbance of the birds.
2.2. Data Extraction
Aerial photos were imported into QGIS (Version 2.8.20) using the geo-referencing plugin GDAL
(Version 3.1.9) as large ortho-mosaics created using Autostitch (Demo version) or DroneDeploy
limited free services. Birds were then identified, given UTM coordinates, and, if possible, given a
species-specific id. A total of 45,591 birds were identified from 47 flocks of geese. Aerial photos were
not corrected for barrel distortion effects as it was considered of minor influence.
For each flock, a density heatmap was produced in QGIS from the location of identified birds
using the Heatmap plugin (Version 0.2), based on the Kernel density estimation [10], with radius set
to 5 m, and cell size x and y set to 1 m each, thus, resulting in comparable density estimates across
all studied flocks. Density estimates for each identified bird were extracted using the QGIS plugin
Point Sampling Tool (Version 0.4.1), while the distance between the identified birds and nearest wind
turbine, hedgerow, and road, were measured using the NNJoin plugin (Version 1.3.1) in QGIS.
2.3. Data Analysis
All analyses were conducted based on bird distances to the three landscape elements: wind
turbines, hedgerows, and roads. Based on previous studies, birds at distances of more than 600 m from
the nearest associated landscape structure were assumed not to be affected by these structures [2–4,6]
and were therefore excluded from the analysis.
Density estimates of all individual birds were plotted as a function of bird distances to nearest
landscape element and fitted with a linear regression (Figure 1b), which is, henceforth, referred to as
linear regression of density (LRD) [Equation (1)].
Density Estimate = a × Distance + b (1)
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An LRD with negative significant slope (a < 0) indicates an increase in flock density in the direction
of the studied landscape element and vice versa. A negative slope also indicates an asymmetrical
distribution of the flock density and consequently an increased BSYM in the direction of the studied
landscape element.
The absolute values of the residual distances of the LRD [Equation (2)] as previously mentioned,
were plotted versus the distance to the obstacles in a linear regression of residuals (LRR) [Equation (3)]
(Figure 1c).
Residual = Observed density − predicted density (LRD) (2)
Residual = a × Distance + b (3)
A slope of LRR different from 0 (a , 0) indicates heterogeneity of the residuals. A negative slope
(a < 0) indicates an increasing variance of the residuals’ absolute distance from LRD in the direction of
the studied landscape element and vice versa. Therefore, an increased variance can be considered as
an increased BVAR in the direction of the studied landscape element and vice versa.
The determination coefficients (r2), the slope and the intercept of all LRDs and LRRs have been
estimated as well as significance for each slope (later noted as asterisks; *: p < 0.05, **: p < 0.01,
***: p < 0.001).
3. Results
3.1. Correlation between Distance to Landscape Elements and Behavioural Instability of Symmetry (BSYM)
3.1.1. Wind Turbines
The barnacle geese and pink-footed geese showed a significant increase of BSYM with decreasing
distance to the wind turbines (r2 = 20.53%) *** and (r2 = 10.51%) *** respectively (Table 1 and Figure 2a,d).
The greylag geese showed the same trend, but the regression was not significant (r2 = 0.45%, p > 0.05)
(Table 1 and Figure 2g).
3.1.2. Roads
The greylag geese showed a significant increase of BSYM with decreasing distance to the roads
(r2 = 8.08%) *** (Table 1 and Figure 2h). Whereas, barnacle geese and pink-footed geese showed (with
r2 < 5%) the opposite trend with a significant decrease of BSYM with decreasing distance to the roads
(r2 = 0.04%) *** and (r2 = 1.01%) *** respectively (Table 1 and Figure 2b,e).
3.1.3. Hedgerows
Barnacle geese and pink-footed geese showed a significant (with r2 < 5%) increase of BSYM with
decreasing distance to the hedgerows (r2 = 1.46%) *** and (r2 = 2.13%) *** respectively (Table 1 and
Figure 2c,f).
The greylag geese showed (with a non-significant regression and r2 < 5%) the opposite trend
with a significant decrease of BSYM with decreasing distance to the hedgerows (r2 = 0.18%, p > 0.05)
(Table 1 and Figure 2i).
3.2. Correlation between Distance to Landscape Elements and Behavioural Instability of Variance (BVAR)
3.2.1. Wind Turbines
The barnacle geese and pink-footed geese showed a significant increase of BVAR with decreasing
distance to the wind turbines (r2 = 14.69%) *** and (r2 = 22.18%) *** respectively (Table 1 and Figure 3a,d).
Whereas, the greylag geese showed (with r2 < 5% and p > 0.05) the opposite trend with a decrease of
BVAR with decreasing distance to the wind turbines (Table 1 and Figure 3g).
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Table 1. Species: Barnacle goose (BG), pink-footed goose (PINK), and greylag goose (GREY); distances from the landscape elements: wind turbines (dwi), roads (dro),
and hedgerows (dhe), n = number of measurements. Coefficient of determination (r2) slope (a), intercept (b) and significance level (p) of both linear regression of
density (LRD) (which regress the density estimates of individual birds as a function of bird distances to nearest landscape element) and of linear regression of residuals
(LRR) (which regress the absolute values of residual distance from LRD as a function of bird distances to nearest landscape element). The r2 values above 5% (r2 > 5%)
are in bold.
Species Dist. from
Obstacles
n (Number of
Measurements) LRD r
2 LRD a & b LRD p LRR r2 LRR a & b LRR p
BG
dwi 4872 20.53% Slope a:Intercept b:
−0.052
34.182 *** 14.69%
Slope a:
Intercept b:
−0.023
15.038 ***
dro 18925 0.04% Slope a:Intercept b:
0.001
10.258 ** 2.35%
Slope a:
Intercept b:
−0.004
5.394 **
dhe 18925 1.46% Slope a:Intercept b:
−0.007
11.610 *** 5.20%
Slope a:
Intercept b:
−0.008
5.968 ***
PINK
dwi 4894 10.51% Slope a:Intercept b:
−0.035
28.681 *** 22.18%
Slope a:
Intercept b:
−0.026
17.196 ***
dro 26394 1.01% Slope a:Intercept b:
−0.008
8.744 *** 2.64%
Slope a:
Intercept b:
−0.008
6.301 ***
dhe 26313 2.13% Slope a:Intercept b:
0.008
11.588 *** 2.74%
Slope a:
Intercept b:
−0.005
5.734 ***
GREY
dwi 361 0.45% Slope a:Intercept b:
−0.002
3.720 n.s. 0.65%
Slope a:
Intercept b:
0.001
1.090 n.s.
dro 458 8.08% Slope a:Intercept b:
−0.006
4.176 *** 10.67%
Slope a:
Intercept b:
−0.004
1.910 ***
dhe 353 0.18 Slope a:Intercept b:
0.001
2.873 n.s. 0.46%
Slope a:
Intercept b:
−0.001
1.22 n.s.
p < 0,05 = *, p < 0,01 = **, p < 0.0001 = ***, and n.s. = non-significant.
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Figure 2. Linear regression of density (LRD) (illustrated as a red line), which regresses the density estimates of individual birds as a function of bird distances to the nearest 
landscape element. The following species were regressed: barnacle goose (BG), pink-footed goose (PINK), and Greylag goose (GREY). Distances from the landscape 
elements: wind turbines (dwi), roads (dro), and hedgerows (dhe). The r2 values of LRD above 5% (r2 > 5%) are in bold.  
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nearest landscape element. The follow ng species wer regressed: barnacle goose (BG), pink-footed goose (PINK), nd Gr ylag goose (GREY). Distances from the
landscape elements: win turbines (dwi), roads ( ro), and hedgerows (dh ). The r2 values of LRD above 5% (r2 > 5%) are in bold.
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Figure 3. Linear regression of residuals (LRR) (illustrated as a red line), which regresses the absolute values of the residuals from LRD were regressed as a function of bird 
distances to the nearest landscape element. The following species were regressed: barnacle goose (BG), pink-footed goose (PINK), and greylag goose (GREY). Distances 
from the landscape elements; wind turbines (dwi), roads (dro), and hedgerows (dhe). The r2 values of LRR above 5% (r2 > 5%) are in bold. 
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Figure 3. Linear regression of residuals (LRR) (illustrated as a red line), hich regresses the absolute values of the residuals from LRD were regressed as a function of
bird distances to the nearest landscape element. The following species were regressed: barnacle goose (BG), pink-footed goose (PINK), and greylag goose (GREY).
Distances from the landscape elements; wind turbines (dwi), roads (dro), and hedgerows (dhe). The r2 values of LRR above 5% (r2 > 5%) are in bold.
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3.2.2. Roads
The greylag geese showed a significant increase of BVAR with decreasing distance to the roads
(r2 = 10.67%) *** (Table 1 and Figure 3h). Whereas, barnacle geese and pink-footed geese showed a
significant increase (with r2 < 5%) increase of BVAR with decreasing distance to the roads (r2 = 2.35%)
*** and (r2 = 2.64%) *** respectively (Table 1 and Figure 3b,e).
3.2.3. Hedgerows
The barnacle geese showed a significant increase of BVAR with decreasing distance to the
hedgerows (r2 = 5.20%) ***, (Table 1 and Figure 3c). Whereas, pink-footed geese showed a significant
(with r2 < 5%) increase of BVAR with decreasing distance to the hedgerows (r2 = 2.74%) ***, (Table 1
and Figure 3f).
Lastly, the greylag geese showed (with a non-significant regression and r2 < 5%) an increase of
BVAR with decreasing distance to the hedgerows (r2 = 0.46%, p > 0.05) ***, (Table 1 and Figure 3f).
4. Discussion
We have shown that the spatial distribution of foraging geese changes when they get closer to a
disturbing landscape element (Table 1, Figures 2 and 3) and clear tendencies were observed indicating
an increasing anti-predator cohesion of flocks of geese with decreasing distance to disturbing landscape
elements. The change in spatial distribution is visible both for the behavioural instability of symmetry
(BSYM) and behavioural instability of variance (BVAR), which will be discussed below.
There are clear tendencies, with few exceptions (with r2 < 5%), for negative slopes of the linear
regression of density (LRD), which indicates an increasing BSYM with decreasing distance to the
landscape elements (Table 1 and Figure 2). There is also a clear tendency with few exceptions (with
r2 < 5%) for a negative slope of the linear regression of residuals (LRRs), which means an increasing
BVAR with decreasing distance to the landscape elements (Table 1 and Figure 3). Thus, both indices
show asymmetry of spatial distribution, implying environmental stress in flocks of geese induced by
foraging near the studied landscape elements, which indicates these measurements to be useful tools
for monitoring environmental stress. We have chosen the 5% threshold arbitrarily; however, it is also
notable that the same negative trends were observed for other LRD and LRR although with r2 below
5% (Figures 2 and 3). However, such relatively weak trends might not be of biological importance and
should thus be interpreted with caution. Additionally, p-values also should be evaluated cautiously as
the large sample size increases the significance of the indices even with low r2 as seen in both indices
(Table 1). These relatively low r2 values might be caused by noise from other factors influencing
the density of bird flocks, masking the disturbing effects of the landscape elements. Such factors
might include flock size [11] as well as food and water distribution [12], which are both known to
affect the density and spatial distribution of bird flocks. Especially BVAR might have been affected
by variations in flock size as flocks of different size prioritise anti-predation behaviour and foraging
beneficial behaviour differently. A study by Lazarus [11], who examined the influence of flock size
on the vigilance of white-fronted geese (Anser albifrons), noted that the percentage of vigilant birds
in a flock would decrease steeply at flock sizes above 200–300 individuals [11]. Hence, larger flocks
might prioritise foraging beneficial behaviour while smaller flocks prioritise anti-predator behaviour
through the dilution effect [7,11,13,14]. However, trends were still observed for both BSYM and BVAR
that prove that both methods can be applied to wildlife behaviour with multiple random influences, as
long as the factor of interest is measured across a correlated variable.
In our study linear relationships were assumed and therefore only linear regression has been
utilized. However, BSYM and BVAR could also be applied in studies with a non-linear relationship
between the independent value and the dependent value. In this case, the asymmetry on the left
and right side of mean can vary and might be estimated by the first derivative, which is equivalent
to the slope observed for a certain value of the dependent value. Therefore, the BSYM index can be
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considered the equivalent of the absolute values of the difference between right and left value of a trait,
which was referred to as fluctuating asymmetry (FA1) [15] in a study by Palmer and Strobeck [15].
Whereas, BVAR indices can be considered the equivalent of the phenotypic variability of trait (Vp). For
both indices, FA1 and Vp are often utilised as estimators of developmental instability (DI) [16].
5. Conclusions
We have tested both indices against distance to landscape elements as an independent variable;
however, the indices could also be utilised for other possible variables, e.g., regression against time or
temperature. The merit of BSYM and BVAR is that they do not need bilateral traits for the estimation
of the instability, which in our case we have called behavioural instability as we are estimating a
deviation from expected behaviour, which is a constant distance between every single individual due
to a uniform distribution of the individuals. These indices have proven effective tools for assessing the
effect of environmental stress on expected behaviour. Thus, the term behavioural instability has been
proven useful for data other than bilateral data as discussed in Pertoldi et al. [1]. We expect that the
application of these two indices BSYM and BVAR could have several applications in applied ecology
as both indices can be regressed against environmental gradients or temporal series.
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